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ABSTRACT 

Results  show  that  the  mercury  embrittlement  of  an  Al  -4  1  /2  Mg 
alloy  is  related  to  the  strain-aging  behavior  of  this  alloy  and  that  strain  aging 
produces  embrittlement  effects  which  are  similar  to  precipitation  hardening 

The  temperature  dependence  of  stress-corrosion  cracking  is  shown 
in  two  cases  to  be  small  compared  to  that  expected  for  corrosion  processes 
and  m>'.re  closely  comparable  to  that  encountered  in  liquid-metal  embrittle¬ 
ment  There  is  also  shown  to  be  a  close  similarity  betw'nn  liquid  and 

stress  corrosion  cracking  in  their  strong  dependence  on  small  degrees  of 
plastic  prestrain 

Evidence  is  presented  in  terms  of  k.netics  and  appearance  of  inter- 
cranulai  penetration  without  external  application  of  stress  to  suggest  that 
large  stresses  exist  between  grams  of  an  age-hardened  polycrystalline 
aluminum  alloy . 
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1  INTRODUCTION 

This  IS  a  summary  report  for  the  period  November  13,  1961  to 
November  13,  1962,  describing  the  results  of  a  continuing  program  of  re 
search  on  a  special  form  of  brittle  fracture  produced  by  wetting  structural 
metals  wi.!  ’aw  melting  point  liquid  metals.  There  is  now  a  substantial  body 
of  ev  dence  that  under  specific  conditions  wetting  by  a  suitable  liquid  metal 
can  produce  brittle  fracture  in  normally  ductile  higher  melting  metals.  The 
significance  of  this  phenomenon  has  been  interpreted  in  .erms  of  the  ability 
of  the  liquid  metal  to  lower  the  critical  normal  stress  at  obstructed  slip  bands 
at  the  surface  so  that  fracture  occurs  without  appreciable  plastic  strain  and 
at  stresses  much  below  those  normally  encountered.  The  liquid  metal  not 
only  reduces  the  stress  and  plastic  strain  associated  with  fracture  initiation 
hijt  also,  by  following  the  crack,  reduces  the  energy  to  propagate  the  crack. 

The  present  year's  work  has  been  divided  into  two  phases.  The 
first  phase  has  been  a  continuation  of  prior  work  on  the  influence  of  thermal* 
mechanical  history  on  the  embrittlement  of  alum'num  alloys  by  liquid  mercury. 
An  Al-Mg  alloy  which  possesses  strain-aging  characteristics  has  been  under 
study  to  compare  the  influence  of  strain-aging  characteristics  with  precipitation¬ 
hardening  . 

The  second  and  major  phase  of  the  program  has  been  an  attempt  to 
dex'ioiiatrate  similarities  between  embrittlement  by  liquid  '-lefa’s  and  by  cer 
tain  aqueous  or  gaseous  media.  The  latter  is  more  commonly  known  as  stress- 
corrosion  cracking.  By  demonstrating  significant  similarit*es  between  the  two 
processes,  it  Is  hoped  to  establish  the  relative  importance  of  brittle  fracture 
in  stress-corrosion  cracking  in  contrast  to  theories  which  describe  the  crack¬ 
ing  as  an  unusual  selective  corrosion  mechanism. 


Delivered  by  Armour  Research  Foundation  of  Hlinois  Institute  of  Technology 
pursuant  to  Contract  No.  DA -lI-ORD-022-3108.  Government's  use  controlled 
by  the  provisions  of  Articles  26  and  27  of  Title  n  (General  Provisions) . 
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II 


J' UKRMAL  MECHANICAL  HISTORY  AND  MERCURY 
EMr.niTTLEMENT  OF  AN  A!  -Mg  ALLOY 

I’hv  A1  4  1/2%  Mg  alloy  (5083)  presents  an  opportunity  to  study 
thi‘  1  ntf  r.ic  t ion  between  mercury  embrittlement  and  strain-aging.  According 
to  Phill  ps  .  Swain,  and  Eborall,^'^  alloys  of  about  this  composition  have 
the  following  characteristics 

(a)  In  the  annealed  state,  the  stress-strain  curve  shows  .x 
yield  point  elongation  as  n  mild  steel.  The  yield  point 
elongation  s  associated  as  in  mild  steel  with  the  fo’  ma- 
tion  of  readily  visible  Luders  bands.  The  magnitude  of 
y  eld  point  elongat  on  is  dependent  on  grain  aize,  being 
accentuated  by  finer  gram  s  zes. 

(b)  yield  point  elongation  is  not  appreciably  effected  by 
the  temperature  of  testing  between  76°  and  +20°C. 

(c)  After  prestrain  beyond  the  yield  point  elongation,  strain¬ 
aging  does  not  occur  (i.e. ,  return  of  the  yield  point 
elongation)  on  reheating  even  for  long  periods  of  time 
between  100°-400°C. 

(d)  The  yield  point  elongation  can  be  suppressed  by  water 
quenching  from  500°C  and  can  be  caused  to  return  by 
reheating  at  100°C  for  128  hours.  The  return  is  pro 
gressive  with  time. 

(e)  Beyond  the  yield  point  elongation,  the  stress  strain 
curve  is  markedly  "stepped”  at  room  temperature  over 
almost  the  entire  range  of  strain  to  tensile  failure . 

(f  )  The  serrated  stress-strain  curve  gradually  disappears 
with  decreasing  temperature  of  test  and  at  68°C .  no 
serrations  or  discontinuous  strain  jumps  occur. 

(g)  The  existence  of  the  serrated  stress -strain  behavior 
IS  not  dependent  on  grain  size. 

(h)  The  rate  of  strain  hardening,  yield  stress,  and  total 
elongation  are  not  significantly  different  over  the 
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temperature  range  t20°C  to  -76”c. 

(i)  The  yield  point  elongation  is  noi  due  to  prt-cip»itatior. 

a  t>e»'ond  phase,  for  when  a  7%  Mg  alloy  is  deliberately 
heat  treated  to  cause  precipitation,  the  yield  point  elonga¬ 
tion  in  the  precipitation  state  ’s  less  than  in  the  solution- 
treated  state . 

The  interpretation  of  these  behavior  characteristics  requires  the 
condition  that  Mg  atoms  segregate  to  dislocations  and  dislocation  assemblies 
in  the  manner  that  carbon  atoms  behave  in  mild  steel.  Those  dislocations 
along  which  Mg  atoms  have  segregated  require  a  higher  shear  stress  to  dis  • 
i  versibly  than  would  be  the  case  in  the  unsegregated  or  "unpinned'' 

state.  Mg  atoms  can  pin  fresh  dl.-vlociVlioiiS  or  slip  bands  very  rapidly-- 
not  because  of  their  mobility,  which  is  relatively  slow,  but  because  of  the 
high  population  and  consequent  short  distance  necessary  to  reach  any  disloca- 
site.  In  the  A1  4  1/2%  Mg  alley,  there  is  about  one  Mg  atom  for  every 
22  Al  atoms  and  since  the  face-centered  cubic  lattice  has  a  coordination 
number  of  12  (number  of  nearest  neighbors) ,au  Mg  atom  on  the  average  is 
only  about  two  atomic  distances  away  from  any  site  on  a  dislocation  wherever 
it  may  be  in  the  lattice.  This  is  quite  different  from  the  case  for  iron,  where 
the  population  of  carbon  atoms  dissolved  in  the  body  centered  cubic  lattice  is 
only  about  one  in  100,000. 

The  yield  point  elongation  effect  s'gmfies  that  slip  initiated  in  a 
grain  is  held  back  from  inducing  slip  in  adjacent  grains.  Part  of  the  re¬ 
straint  IS  the  barrier  effect  of  grain  boundaries  enriched  with  segregated 
Mg  atoms  and  part  by  the  restraint  of  Mg  atoms  all  along  the  slip  band. 

Since  the  velocity  of  dislocations  increases  by  orders  of  magnitude  with 
small  changes  in  stress,  the  multiplication  of  slip  is  very  great  when  grain 
to-grain  slip  is  constrained  to  high  stress  levels.  This  leads  to  the  yield 
point  elongation  effect. 

Since  the  shear  stress  at  the  end  of  a  blocked  slip  band  is  higher, 
the  longer  is  the  slip  band  (i.e.,  the  larger  the  grain  diameter),  the  re¬ 
straint  to  grain-to  -grain  slip  is  less  in  coarse  grains  and  the  yield  point 
elongation  is  proportionately  less.  This  is  to  say  that  grain-to  grain  slip 
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at  lowitr  stress  levels,  and  consequently  the  degree  of  the  catastrophic 
slip  action  at  the  yield  point  is  reduced. 

The  stress  magnification  at  the  point  of  blockage  of  a  slip  band 
produces  local  intense  normal  stresses  as  well  as  shear  stresses.  Thus 
when  we  lower  the  critical  normal  stress  for  microcracking  by  introducing 
mercury  at  the  pile-ups  where  they  occur  at  the  surface,  we  create  the  con> 
ditions  for  competition  between  cracking  and  macroplastic  deformation. 

Under  these  conditions  it  is  possible  to  study  those  factors  in  thermal- 
mechanical  history  which  are  conducive  to  fracture. 

A  number  of  experiments  have  been  designed  and  performed  which 
shed  light  on  the  interaction  between  stra  n  aging  and  brittle  fr»ctur*»  The 
first  of  these  is  the  influence  of  grain  size  in  the  annealed  state.  Specimens 
with  a  range  of  grain  sizes  have  been  prepared  by  various  combinations  of 
cold  work  .ind  anneal.  These  are  summarized  in  Table  x.  An  additional 
variable  was  Introduced  by  water-quenching  one  set  from  the  annealing 
temperature  and  alow  cooling  a  second  set.  The  finer  grain  sizes  were 
equiaxed,  but  the  coarser  ones  were  elongated  in  the  direction  of  original 
rolling  and  in  the  axis  of  tension  of  testing.  For  these,  the  transverse 
dimension  was  taken  as  meaningful  for  conditions  of  yielding  and  fracture. 

There  was  no  significant  or  systematic  difference  between  either 
the  yield  stress  or  the  wetted  fracture  stress  of  the  slow-cooled  and  water* 
quenched  specimens  ,  The  degree  of  suppression  of  the  yield  point  elongation 
produced  by  quenching  is  therefore  not  an  important  factor.  The  yield  and 
wetted  fracture  results  as  average  values  (about  four  tests)  ore  plotted 
against  the  Fetch  Stroh  grain  size  parameter,  d*  '  ,  in  Figure  I.  A  linear 
relationship  was  encountered  in  each  case,  which  signifies  that  the  Fetch 
Stroh  models  for  slip  band  propagation  from  grain  to  grain  and  the  fracture 
nucleatlon  model  are  probably  operative  here.  The  two  lines  seem  parallel, 
although  in  principle  they  ought  to  converge  to  d*  ^  However,  the 

range  of  values  of  d*^^^  encountered  is  probably  too  narrow  to  establish  this 
since  the  difference  between  yield  and  fracture  stresses  is  small. 

A  series  of  specimens  was  plastically  prestrained  5%  by  atretching» 
unloaded,  wetted  with  Hg,  and  reloaded  to  fracture.  The  results,  plotted  in 
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TABLE  I 


f  THERMAL- MECHANICAL  TREATMENTS 

TO  PRODUCE  VARIOUS  CHAIN  SIZES 
IN  A1  '081  ALLOY 


Prcatrain , 

% 

Ai’  •.•al 

Grain  Diameter , 
mm 

5  5 

550°C-8  hr 

0  0125 

8 

450°C-7  hr 

0.0117 

25 

450“C-7  hr 

0.0125 

40 

0.0105 

60 

0.0065 

60 

425“C  2  hr 

0  0069 

400'^C-2  hr 

0.0057 

075°C-2  hr 

0  0057 

0001 


nC.  1  -  INFLUENCE  OF  CRMN  SIZE  ON  the;  YIELD  STRESS  AND 
WETTED  FRACTURE  STRESS  (M*)  OF  Al  5083  ALLOY. 
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Figure  2,  show  a  marked  and  systematic  divergence  from  the  results  for 
tracture  shown  in  Figure  1 .  The  5%  prestrain  has  caused  a  drop  in  fracture 
stress  which  is  greater  with  finer  gram  sizes.  Although  the  trend  is  roughly 
linear,  the  slope  is  now  negative  which  signifies  that  the  Fetch  Stroh  relation^ 
ship  no  longer  holds.  It  must  be  recognized  also  that  the  5%  plastic  prestrain 
has  raised  the  yield  point  to  40,000-43,000  psi  and  that  these  fracture  levels 
correspond  to  much  more  emphatic  embrittlement  by  Hg. 

In  order  to  explain  thin,  we  must  realize  that  by  Imposing  5% 
plastic  prestrain  at  room  temperature,  the  grains  are  now  heavily  populated 
by  cross  hatching  slip  bands  which  have  been  pinned  by  Mg  atoms  since  strain 
■^S^ng  13  almost  instantaneous.  The  Fetch  Stroh  relationship  has  three  tcrais: 

(r_=  a  +  Kd'*^^ 

r  o 

where  0*^=  applied  tensile  stress  at  fracture 

0^  =  stress  to  propagate  slip  inside  a  single  grain  such 
that  the  active  tensile  stress  on  a  slip  band  at  a 
grain  boundary  is  (  O'  O'  ). 

- 1  /?  ° 

Kd  '=  the  critical  tensile  stress  magnification  at  the 

point  of  a  slip  band  pressing  against  a  grain 

boundary.  The  occurrence  of  fracture  signifies 

that  the  critical  stress  for  crack  nucleation  has 

been  reached  at  the  grain  boundary  by  virtue  of 

the  active  stress  (  (T  -  O’ )  and  the  stress  magnifi 

cation  produced  by  a  slip  band  of  length,  d. 

Since  K  and  d  are  material  constants  and  O  is  externally  applied, 
we  are  forced  to  consider  the  influence  of  plastic  prestrain  end  rtrain  aging 
on  O^.  But  this  could  only  act  to  increase  the  value  of  0^,  leading  to  an 
elevation  of  the  fracture  stress.  We  are  forced  again  to  look  for  some  means 
for  adding  rather  than  subtracting  stress  from  that  externally  applied. 

This  leads  us  to  the  proposition  that  certain  standing  tensile  stress 
fields  must  exist  in  the  grain  as  a  result  of  the  plastic  prestrain  and  strain 
aging.  This  could  be  developed  by  the  last  slip  bands  produced  in  the  plastic 
prestrain  when  they  try  to  relax  during  unloading  of  the  specimen.  It  will  be 
recalled  that  a  similar  argument  was  necessary  to  attempt  to  account  for  the 
influence  of  plastic  prestrain  on  an  age  -hardened  A1  2024  alloy.  This  leads 
to  a  modified  fracture  relationship  of  the  form: 
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FIG.  2  -  INFLUENCE  OF  CRAIN  SIZE  ON  THE  WETTED  FRACTURE 
STRESS  (Hg)  OF  A1  508^  AI.LOY  WITH  5%  PLASTIC  PRE¬ 
STRAIN, 
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(Tj,=  (,  )  -  K,  (d,.  )  +  K2d 

where  O'  (  c  )  is  the  prestrain-dependent  slip  propagation 
stress  within  a  giain, 

K.  (d,  «  )  18  the  internal  stress  field  which  is  a  function 
both  of  grain  size,  plastic  prestrain  and  strain  aging. 

A  further  set  of  experiments  has  been  performed  to  measure  the 
effect  of  various  degrees  of  plastic  prestrain  by  stretching  on  the  wetted 
fracture  stress.  Specimens  with  an  annealed  grain  size  of  about  0.0057  mm 
were  stretched  by  amounts  varying  between  1  1/2  and  15%  at  room  temperature. 
These  specimens  were  then  wetted  with  Hg  and  reload.-d  to  fracture  with  the 
results  shown  in  Figure  3.  The  behavior  of  plastic  prestrair.  and  its  assoi.i 
ated  strain  aging  at  room  temperature  are  very  much  like  that  encountered 
in  a  precipitation  hardened  alloy  (Al  2024).  There  is  an  initial  sharp  drop 
in  fracture  stress  with  small  plastic  prestrains,  a  minimum  between  2  and 
10%  plastic  strain,  and  a  small  recovery  of  fracture  strength  at  larger  plastic 
presti  ains  . 

In  order  to  demonstrate  that  this  effect  is  predominantly  due  to 
strain  aging,  a  second  set  of  experiments  was  performed.  In  this  work, 
specimens  wore  wetted  with  Hg,  cooled  to  below  the  freezing  point  of  Hg, 
stretched  various  amounts,  unloaded,  warmed  to  the  melting  point  of  Hg 
(-38°C),  and  stressed  to  fracture  at  that  temperature.  Since  strain  aging 
IS  temperature  dependent,  the  process  is  partially  suppressed  by  working  at 
the  subzero  temperatures  In  all  of  this  the  yield  point  which  is  not  apprecia 
bly  temperature  dependent  is  essentially  identical  with  the  room  temperature 
values.  The  results  shown  in  Figure  3  demonstrate  that  reduced  embrittle 
ment  is  associated  with  reduced  strain  aging.  Unfortunately,  complete 
suppression  of  strain  aging  requires  a  temperature  of  76°C  which  .s  well 
below  the  freezing  point  of  Hg.  Nevertheless  these  experiments  verify  that 
strain  aging  and  not  the  yield  point  elongation  is  associated  with  tlic  wetted 
fracture  "'ehavior. 

bese  experiments  establish  that  the  yield  point  elongation  is  not 
.ed  with  brittle  fracture  effects.  But  strain  aging,  on  the  other  hand, 
produces  effects  on  embrittlement  which  are  fundamentally  the  same  as  pro¬ 
duced  by  precipitation  hardening. 
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FIG.  %  -  lNF’.,UrNCE  OF  TEMPERATURC  AND  PLASTIC  PRESTRAIN  ON 
FRACTURE  OF  A1  5083  ALLOY  WETTED  VITI!  MERCURY. 

Pla  s'ic  prestr.nin  contluctod  .it  or  below  tctnpcr.ilure  of  fr.ictwrc. 
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Ill ,  ANALYSIS  OF  STRESS-CORROSION  CRACKING 

An  Appraisal  Of  Stress  Corrosion  Cracking  Theories 

There  is  no  shortage  of  theories  to  account  for  stres s -cor rosion 
cracking.  Rather  there  is  clearly  a  surplus.  Unfortunately,  all  of  these  are 
partially  based  on  re.asonable  suppositions  whose  verification  has  been 
terminate.  Some  theories  were  designed  to  fit  the  behavior  of  only  one  inetal 
and,  while  the  particular  fit  seems  acceptable  in  the  light  of  existing  informa¬ 
tion,  there  13  difficulty  in  broadening  the  applicability  to  other  metals  There 
are  outright  disagreements  in  the  literature  onlmetics  of  highly  localized 
corrosion.  All  stress -corrosion  theories  synthesize  a  cooperative  action 
bctwee.i  chemical  and  mechanical  processes.  The  details  and  relati’-e  em 
phasis  constitute  the  nature  of  the  differences.  We  are  also  faced  with  the 
disagreeable  possibility  that  no  one  mechanism  is  applicable  to  all  cases. 

The  earliest  integrated  nechamsm  and  still  a  popular  contender 
was  proposed  by  Mea.  ■.  Brown,  and  Dix  This  mechanism  presupposes 
a  S'..ic  'ptibility  to  selective  corrosion  along  more  or  less  continuous  paths. 
There  is  good  experimental  evidence  that  large  potential  differences  can 
exist  between  a  dispersed  phase  and  its  surrounding  matrix.  Given,  there¬ 
fore,  a  preferred  distribution  of  precipitate  along  grain  boundaries,  the 
susceptibility  of  grain  boundaries  to  selective  intergranular  corrosion  is 
plausible.  In  fact,  intergranular  corrosion  without  the  existence  of  known 
stresses  is  a  common  observation  among  alloys  with  segregated  grain  bound 
ary  precipitates . 

uiidcr  the  action  of  a  tensile  stress,  incipient  intergranular  or 
otherwise  localized  corrosion  paths  are  pulled  apart  presenting  fresh  metal 
at  the  root  of  the  crack  to  further  attack.  Because  the  freshly  exposed  metal 
is  more  anodic,  an  increase  in  the  flow  of  corrosion  currents  is  expec,.-d 
and,  hence,  an  acceleration  of  corrosion.  According  to  thi-s  th>ory,  there¬ 
fore,  stress-corrosion  cracking  is  highly  localized  corrosion  of  .in  electro 
chemical  nature  combined  with  a  prying  and  tearing  action  of  tensile  stresses. 

This  theory  seems  to  fit  nicely  with  the  est,iblished  phenomenology 
of  stress-corrosion  cracking  in  aluminum  and  magnesium  alloys  where  all  of 
those  alloys  that  are  prone  possess  i,rain  boundary  precipitates  which  arc 
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decidedly  more  anodic  than  the  immediate  matrix.  The  street  corrosion 
environments  applied  in  laboratory  synthesis  of  cracking  in  aluminum  alloys 
often  take  many  hours  and  even  weeks  to  develop  appreciable  penetration. 

But  many  stress-corrosion  cracking  experiments  with  almost  explosive 
vigor  have  been  demonstrated.  There  is  seriuus  question  whether  a  corrosion 
process  of  itself  could  account  for  such  high  velocities  of  crack  propagation. 

When  we  turn  from  aluminum  and  magnesium  alloys  to  austenitic 
stainless  steel,  some  difficulties  appear.  Although  clearly  brittle  cracks 
can  develop  rapidly  in  boiling  MgCl2  solution  while  the  steel  is  under  tensile 
stress,  there  is  no  obvious  susceptibility  to  intergranular  or  otherwise 
localized  corrosion  in  the  absence  of  stress.  Austenitic  stainless  steel  ryr 
be  by  all  examination  a  homogeneous,  single  phase ,  polycrystalline  aggregate. 
Moreover,  stress  corrosion  cracks  generally  follow  transgranular  rather 
than  intergranular  cracks.  As  pointed  out  by  Uhlig,'  '  sensitized  18-8  stain 
less  steel,  which  is  prone  to  intergranular  corrosion,  will  fail  nevertheless 
in  a  transgranular  fashion  under  conditions  conducive  to  stress-corrosion 
cracking.  This  is  clearly  in  conflict  with  the  Mear s- Brown  -Dix  theory. 

Faced  with  the  absence  of  any  signs  of  intergranular  corrosion  in 

austenitic  stainless  steel  when  immersed  in  boiling  MgCl-  solution,  Hoar 

f41  ^ 

and  Hines'  '  proposed  another  essentially  electrochemical  theory  of  stress  • 

corrosion  cracking.  Here,  the  initial  condition  of  susceptibility  to  local 
corrosion  is  only  a  starting  phenomenon.  The  argument  is  that  all  metals 
contain  some  "disarrayed”  regions  randomly  distributed  which  will  dissolve 
somewhat  mere  easily  than  in  the  more  orderly  parts.  "The  galvanic  action 
between  cathodic  zones  on  the  surface  and  a  small,  stressed,  disarrayed 
region  may  produce  a  sharp,  perhaps  submicroscopic  pit  following  the  dis¬ 
arrayed  region  in  depth."  This  localized  corrosion  is  required  only  to 
produce  a  stress -raising  micropit.  The  argument  continues  that  intense 
elastic  or  plastic  strains  at  the  root  of  the  microcrack  or  pit  create  metal 
which  is  highly  anodic  to  the  surrounding  material.  The  propagation  of  a 
crack,  therefore,  is  a  cooperative  process  of  localized  stress  or  strain 
intensification  and  localized  dissolution. 
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This  argument  rests  on  the  postulate  that  the  differences  in 
electrochemical  potential  between  highly  stressed  or  highly  strained  metal 
at  the  root  of  a  crack  and  the  surrounding  unworked  metal  can  suffici*  utly 
account  for  the  known  rate  of  propagation  of  stress- corrosion  cracks. 

There  have  been  vigorous  differences  of  opinion  on  this  matter.  Both  Hoar 
and  Hines^^^  and  Edeleanu^^^  agree  that  a  current  density  of  about  1.5 
amp/cm*^  would  be  necessary  to  account  for  the  known  rates  of  cracking; 
but  while  the  former  has  felt  that  this  current  density  can  be  achieved  in  a 
deep  crack,  the  latter  has  taken  the  same  point  as  an  argument  against  the 
likelihood  of  a  purely  electrochemical  mechanism  of  crack  propagation.  A 
cf)nsidered  opinion  against  a  purely  electrochemical  mechanism  has  also 
been  given  by  Harwood. 

Considerable  support  for  plastic- strain  accelerated  electrochemical 

dissolution  as  a  crack  propagating  process  comes  from  toe  work  of  Hoar  and 
(7) 

West.  In  their  expcrim*.  lus  it  was  shown  that  current  d  ii.sities  of  O.d 
.  iiip/cm^  could  be  produced  at  potentials  of  the  order  of  0  15  volts  which 
is  the  level  of  corrosion  and  cathodic  protection  potentials  .  The  specific 
condition  for  tolerat'ng  these  anodic  current  densities  is  that  the  specimen 
IS  undergoing  plastic  strain  at  the  same  time  as  the  current  and  potential 
being  measured.  The  argument  therefore  is  that  at  the  root  of  a  moving 
crack,  plastic  straining  is  in  progress  which  creates  the  conditions  for  both 
rapid  and  oriented  electrolytic  dissolution  and  which,  in  turn,  sustains  the 
active  plastic  work, 

T'l's  simultaneous  plastic  work  and  stress-directed  I'^cal  corrosion 
at  the  root  of  a  crack  could  be  sufficient  to  account  for  the  crack  propagation 
process.  It  docs  not,  however,  say  anything  about  how  a  crack  starts  and, 
after  having  been  stopped,  how  it  re  starts  The  argument  that  micropits 
develop  by  direct  chemical  or  electrochemical  action  falls  back  on  reason¬ 
able  supposition  because  in  many  instances  of  stress  corros,on  k.r.tcking, 
particularly  those  which  begin  quickly,  there  is  no  evidence  of  surface  dis¬ 
turbance  capable  of  stress  magnification  at  selected  points.  One  may  wonder 
therefore  that  if  there  is  a  process  by  which  a  crack  is  .started,  it  .-ii'^uid 
also  be  adequate  for  propagation  and  that  the  Hoar  Hin^s  model,  while  suf¬ 
ficient,  may  not  be  necessary. 
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Emph  sis  on  the  mechanical  contribution  to  stress  corrosion 
cracking  has  come  from  direct  observations  cf  certain  instances  of  fast 
discontinuous  crack  propagation  bv  Edeleanu^^^  and  Pardue,  Bock,  anc 
Fontana.  Essentially,  crack  propagation  was  observed  to  occur  in  short 
bursts  separated  by  periods  of  apparent  inactivity.  This  character  of  prop- 

-ation  IS  clearly  incompatible  with  a  purely  electrochemical  mechanism. 

(9) 

Pardue  et  al.  point  out,  however,  that  discontinuous  crack  propagation 
is  not  itself  a  general  phenomenon.  In  a  particular  Mg  alloy  under  condi  ■ 
tions  favorable  to  intergranular  corrosion,  the  crack  propagation  is  not 
discontinuous.  The  discontinuous  behavior  is  characteristic  only  of  trans  ■ 
granular  cracking. 

The  various  theories  of  stress  corrosion  cracking  represent  three, 
distinguishable  viewpoints. 

(a)  An  electrochemical  corrosion  process,  operative  on  a 
structure  which  intrinsically  possesses  continuous  paf'-s 
of  material  highly  anodic  to  its  surroundings.  Stress 
acts  as  a  prying  or  tearing  agent,  intensifying  the 
kinetics  of  the  process  and  orienting  the  crack  growth 
in  a  direction  normal  to  the  principal  tensile  stresses. 

(b)  An  electrochemical  process  which  relies  on  the  stress 
or  strain  induced,  highly  anodic  character  of  material 
at  the  root  of  a  sharp  crack.  The  intrinsic  structure 
of  the  metal  and  naturally  occurrmg  anodic  ireas  arc 
required  only  for  the  process  of  initiating  a  sharp  crack. 

(c)  An  electrochemical  process  which  is  responsible  for 
initiation  of  a  sharp  crack  progagation  of  the  crack 
over  short  distances  by  purely  brittle  fracture  under 
triaxial  stress  conditions  and  the  dissolution  ol 
periodic  or  random  barriers  to  brittle  fracturv  prop 
agation  by  the  same  electrochemical  process  applicable 
to  initiation. 

In  considering  the  validity  of  any  of  these  hsisic  concepts,  certain 
salient  issues  are  outstanding  and  certain  premises  questionable. 

The  Mears* Brown  Dix  model  is  essentially  an  extension  nt  inter 
granular  corrosion.  A  material  must  have  an  intrinsic  propensity  for  inter¬ 
granular  corrosion  in  the  absence  of  stress.  Howeve>  ,  homogeneous  solid 
solutions  do  exist  which,  under  specific  conditions,  exhibit  stress  corrosion 
cracking  without  pruneness  to  intergranular  corrosion.  Austenitic  stainless 
steel  is  a  notable  example.  Moreover,  intercrystallir.e  cracking  can  occur 
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in  alloys  under  stress  where  no  intercrys*  lline  corrosion  will  occur  in  the 
absence  of  stress.  Cu  Au  alloys  in  aqua  regia  are  examples  of  thie.^^®^ 

There  are  many  instances  of  transgranular  cracking  under  stress  which  bear 
no  obvious  relationship  to  the  arrangement  of  distributed  phases 

One  of  the  major  difficulties  h  s  been  that  for  some  important  metals 
such  as  aluminum  alloys  the  existing  stress-corrosion  media  produce  cracking 
whose  propagation  velocities  are  of  the  same  order  of  magnitude  as  normal 
intergranular  corrosion  so  that  i  comparing  the  loss  in  tensile  strength  from 
simple  exposure  to  that  from  exposure  with  concomitant  applied  stress,  the 
values  are  not  very  different  See,  for  example,  Sprowls  and  Brown 
It  would  be  important  to  study  stress  corrosion  cracking  under  tire umsiances 
where  the  time  to  failure  is  so  rapid  that  normal  intergranular  corrosion  is 
an  unimportant  factor  By  these  remarks  the  point  is  made  that  the  Mears  • 
Brown-Dix  theory  is  applicable  to  too  narrow  a  range  of  circumstances  to  be 
considered  a  generalized  mechanism. 

In  those  instances  where  associated  corrosion  is  minor  or  not  even 
observable,  the  cracks  produced  by  stress-corrosion  are  by  all  appearances 
brittle  fractures.  There  has  been  for  some  time  a  body  of  opinion  that  prop¬ 
agation  could  be  regarded  as  largely  a  mechanical  phenomenon.  This  opinion 
has  been  strongly  reinforced  by  observations  of  sharp  discontinuous  bursts 
of  crack  movement  It  is  known  that  brittle  fracture  can  propagate  a  limited 
distance  and  still  be  suppressed  The  depth  to  which  a  brittle  microcrack 
moves  before  suppression  under  constant  load  depends  on  the  strain  energy 
dissipated  m  unit  advance.  There  has  been  a  tendency  to  compromise  and 
declare  that  this  may  be  a  dominant  factor  in  certain  types  of  transcryatalline 
fr.uiure,  but  even  this  may  only  be  a  temporary  position.  Brittle  fracture 
need  nut  progress  in  discontinuous  fashion,  nor  silely  by  transc ryHt.tUine 
paths  Furthermore,  there  is  no  law  which  demands  that  brittle  fr»>-iure 
proceed  only  at  high  speed  although  this  is  must  commonly  observcii.  Cer  • 
tainlv  a  dominance  of  brittle  fracture  as  an  operative  •T>*chanism  for  prop ' 
agalion  more  easily  accommodates  to  the  many  observations  of  very  fast 
stres.s  corrosion  cracking,  crack  rale  dependence  on  plastic  prestiai.. 
state  of  age  hardening,  and  graio  siae. 
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Nfvi'rtheless  ,  brittle  fracture  processes  can  never  be  divorced 
(rom  the  chemical  action  of  the  environment,  for  unquestionably  the  cracks 
will  not  propagate  when  removed  from  the  environment  except  as  a  terminal 
condition.  Brittle  fracture  of  a  purely  mechanical  nature  is  not  itself  suf¬ 
ficient  even  for  part  of  the  model  because,  for  example,  austenitic  stainless 
steel  cannot  be  made  to  propagate  a  crack  in  a  brittle  fashion  even  for  short 
distances.  It  seems  necessary  to  regard  the  environment  as  instrumental 
not  only  to  overcome  obstacles  to  discontinuous  propagation  but  also  to  per 
mit  the  discontinuous  propagation  steps  themselves. 

The  cooperative  action  of  chemical  processes  and  mechanical 
microfracture  processes  has  been  suggested  by  Robertson  and  Tetelman . ^ 
Their  proposal  incorporates  two  factors;  (a)  preferential  and  rapid  chemical 
attack  of  >indi  .ii^.iat.  d  nature  along  planes  or  surfaces  which  contain  high 
transverse  stresses  due  to  obstruction  of  slip  bands;  and  (b)  the  short  range 
propagation  of  fracture  by  the  release  of  the  strain  energy  at  the  head  of  the 
blocked  slip  bands.  The  term  "attack''  signifies  anything  which  removes 
material  from  the  plane  or  surface  or  reduces  the  cohesive  energy  of  that 
plane  or  surface.  This  part  of  the  process  is  unresolved.  Both  grain 
boundaries  for  the  case  of  intercrystalline  cracking  and  stacking  faults  for 
the  case  of  transcrystalline  cracking  are  represented  as  the  barriers  to  slip 
which  produce  local  high-intensity  transverse  or  normal  stresses.  The 
most  impressive  justification  for  this  proposition  is  the  correlation  between 
stacking  fault  energy  and  propensity  for  stress-corrosion  cracking  in  aus 
tenitic  stainless  steels  and  copper  base  alloys. 

Unquestionably  the  most  potent  argument  for  the  initial  and  con 
tinuing  function  of  electrochemical  processes  is  the  ability  of  an  imposed 
cathodic  potential  to  prevent  cracks  from  starting  and  to  stop  their  progress 
at  any  arbitrary  point. 

In  summary,  it  would  seem  that  none  of  the  existing  mechanisms 
for  stress-corrosion  cracking  account  for  all  of  the  known  factors.  Cracking 
solely  due  to  electrochemical  processes  is  not  reasonably  applicable  to  all 
circumstances  nor  is  mechanical  brittle  fracture,  independent  of  environment, 
a  satisfactory  alternative.  What  seems  to  be  an  attractive  substitute  is  the 
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the  proptisiiion  Ihat  a  form  i»f  brittle  fraelure  r>xliita  which  la  operative  vnly> 
win  II  ilu-  iiu'i.il  IS  in  ri-.il  contac  t  v'ith  Hpectfic  unvi ronmvnts .  This  point  ka» 
hcin  .suj^n«‘stc(l  in  several  publications.^^'  The  ci'fftculty  liea  in  d»  mom 

St  ration  of  tile  existence  and  liehavior  characteristics  of  an  environrneniai- 
ituliic'ed  form  of  brittle  fracture. 

* '  -  »  Initi.il  Compa rison  of  Liquid  Metal  Embrittlement 

With  St ress  Corrosion  CrackinR 

One  of  the  ways  of  establishing  an  argument  for  environ  oental 
lirittle  fracture  is  to  demonstrate  analogy  between  stress  corrosion  cracking 
and  other  types  of  environmental  cracking.  Embrittlement  by  liquid  metals 
appears  to  offer  opportunity  for  useful  comparison.  There  is  now  a  slmn^ 
body  of  evidence  that  embrittlement  by  liquid  metals  is  a  form  of  brittle 
fracture  domin.ited  by  changes  in  interfarl.'!  or  surface  cohesive  energies. 

It  is  relatively  easy  in  this  field  of  investigation  to  eliminate  intergranular 
p.>n»«t ration  effects  unrelated  to  the  existence  of  stress,  and  there  is  no 
complication  with  electrochemical  processes.  Instead,  one  has  the  problem 
of  achievement  and  stability  of  wetting.  From  the  viewpoint  to  be  presented, 
the  role  of  electrochemical  processes  in  stress  corrosion  cracking  might  be 
likened  to  the  process  of  wetting  by  the  liquid  metal  and  the  action  of  imposing 
cathodic  potential  likened  to  the  imposition  of  a  de  wetting  action. 

Let  us  review  the  similarities  now  recognizable.  Both  liquid  metal 
and  stress-corrosion  cracking  are  predominantly  intercrystalhne  but  can  on 
occasion  be  transcrystalline.  Both  types  of  cracking  occur  under  static 
loading,  and  static  fatigue  curves  can  be  constructed  to  show  the  stress  de 
pendence  of  time  to  failure.  In  the  case  of  certain  media,  stress  corrosion 
cracking  will  occur  in  the  alloys  of  AI  and  Cu  but  not  in  the  pure  metals. 

This  IS  true  also  in  the  case  of  the  action  of  liquid  Hg  un  Al  and  Cn.  There 
are  many  instances  where  immersion  in  liquid  metals  a*'d  in  aqueous 
solutions  without  stress  leads  to  no  significant  attack  but,  with  the  advent 
of  stress,  cracking  is  severe.  Both  liquid  metal  and  stress  corrosion 
cracking  are  must  severe  in  precipitation  hardened  alloys.  Furthermore, 
in  both  cases  the  '..everlty  of  cracking  is  greatest  at  similar  stages  of  acting. 

In  both  liquid  metal  and  stress-corrosion  cracking,  only  certain  specific 
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moflia  will  profluco  the  effect.  Moreover,  the  meHia  are  specific  to  the  metal 
under  attack.  I’lie  crack-branching  chr.racter  on  deei.  penetration  observed 
hy  !hn<“.  and  flugill'  ''  in  austenitic  stainless  steel  stressed  in  boiling  MgCl2 
solution  IS  also  observed  in  Al  alloys  cracked  by  Hg . 

Finer  grain  sizes  le.Td  to  higher  breaking  stresses  or  longer  times 
to  failure  in  bvith  liquid  metal^*^^  and  stress  corrosion  cracking .  ^  ^ 

Itotli  liquid  metal  and  stress  corrosion  cracking  are  often  fore¬ 
stalled  in  very  aggressive  media.  Thus,  for  instance,  Hg  dissolves  Mg 
alloys  so  rapidly  th,it  cracking  does  not  occur.  There  are  recorded  observa 
lions  of  thr  same  nature  in  the  literature  on  stress-corrosion. 

Cle.trly  this  is  a  significant  beginning  but  not  sufficient  to  establish 
;he  case  beyond  dispute.  There  is  need  for  further  critical  experiments 
involving  the  dependence  of  both  cracking  processes  on  maleiicl  structure 
<  >  ipusition  and  on  the  conditions  of  testing.  The  work  of  this  research 
I  .\gram  has  been  directed  to  these  objectives. 

One  of  the  characteristics  of  stress  corrosion  cracking  which 
ought  to  distinguish  the  dominance  of  either  electrochemical  dissolution  or 
mechanical  processes  is  the  temperature  dependence  of  time  to  failure. 

There  is  very  little  published  information  on  such  trends.  There  is,  how 
ever,  ample  evidence  '  u  corrosion  or  dissolution  processes  in  aggressive 
media  are  greatly  accelerated  by  small  changes  in  temperature.  Some 
typical  examples  are  cited  in  Table  II  where  it  is  seen  that  more  than 
ten  fold  changes  in  rate  of  corrosion  can  be  encountered  ov^r  ‘"mperature 
changes  of  the  order  of  50°C .  On  the  other  hand,  fracture  based  on  mechani 
cal  prore,s.sps  will  be  influenced  only  by  changes  in  the  yield  stress  over 
small  ranges  in  temperature,  and  these,  in  general,  are  very  small.  There 
fore,  if  the  temperature  dependence  of  time  to  crack  in  a  stress  corrosion 
system  is  small,  this  may  be  taken  as  evidence  of  the  dominance  of  mechanical 
processes 

There  is  one  reference  to  temperature  effects  on  stress-corrosion 

(4) 

cracking-  that  of  Hoar  and  Hines.'  In  their  work  on  austenitic  stainless 
steel  in  hot  saturated  MgCl2  solution,  a  pronounced  temperature  dependence 
between  130°  and  160°C  was  found.  Within  a  20°C  change  in  solution 
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TABLE  II 


TEMPERATURE  DEPENDENCE  OF  THE  CORROSION  RATE 
OF  SOME  METALS  IN  AGGRESSIVE  SOLUTIONS 


Metal 

Solution 

Teiiip.  , 
°C 

Corrosion 

Rate 

Reference 

Aluniinum  2002 

0 . 20  N  NaOH 

8 

50  mg /hr 

16 

32 

360  mg/hr 

Alum-num  5053  T 

10%  HCl 

10 

0.005  iii/day 

17 

80 

0.5  in/day 

Cu  29%  Zn  1%  Sn 

3%  NaCl 

20 

0.009  cm /year 

17 

60 

0.045  cm/year 

Stainless  steel 

65%  HNO, 

128 

100  mils /year 

18 

13%  Cr  8%  Nt 

190 

5000  mils /year 

Carbon  steel 

25%  NaOH 

150 

50  mils /year 

18 

185 

300  mils/year 
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temperature,  the  time  to  failure  was  decreased  at  the  higher  temperature 
limit  by  a  factor  of  ten.  However,  the  authors'  potential  measurements 
inclit  aio  that  this  effect  ts  pr  marily  n  the  induction  period,  i.e.,  the  time 
to  nitiate  cracking.  The  time  to  produce  specimen  failure  after  cracking 
had  in' tinted  was  too  small  to  make  distinctions,  We  may,  therefore, 
suppose  that  the  temperature  effect  here  is  related  to  the  breakdown  of  passiv> 
ity  .iiid  not  to  the  coirosion  rate  associated  with  clacking.  For  a  clearer 
appr«*ciation  of  temperature  effects  in  cracking,  it  is  necessary  to  v/ork  with 
solutions  in  which  the  metal  is  not  passive.  This  deriiafids  a  careful  balance 
of  experimental  cond'tions.  The  aggressive  medium  must  be  able  to  dissolve 
oxide  or  passive  films  rapidly  but  attack  the  metal  at  a  much  slower  rate 
than  crack  ng  proceeds.  The  latter  condition  requires  testing  at  high  stress 
levels  so  that  the  rate  of  cracking  is  as  h  gh  as  possible. 

IV  TEMPERATURE  DEPENDENCE  OF  CRACKING 
IN  AN  A1  2024  ALLOY  " 

A .  Svress-Cor rosion  Cracking 

Exposure  of  an  unstressed  alloy  in  a  particular  medium  can  lead 
to  appreciable  intergranular  corrosion.  A  failure  time  in  terms  of  an  arbi** 
trary  residual  load  -bearing  capacity  can  be  measured  or  alternatively,  and 
more  commonly,  loss  in  apparent  tensile  strength  after  finite  time  of  im¬ 
mersion. 

The  same  alloy,  in  the  same  medium,  under  stress  can  fail  in 
shoitei  lin’t-  •>nd,  accordingly,  the  fa. lure  is  termed  stresa  corrosion 
cracking.  In  real'ty  the  failure  is  due  to  the  superposition  of  the  two  proces¬ 
ses.  It  is  therefore  vitally  important  in  any  basic  study  of  the  stress-corrosion 
cracking  phenomenon  that  the  contributions  to  failure  be  separable.  This  can 
be  accomplished  in  two  ways.  By  making  a  separate  determination  of  the  rate 
of  penetration  by  intergranular  corrosion,  a  corrected  time  to  failure  by 
stress -corrosion  cracking  can  be  estimated.  This  is  not  very  satisfactory 
when  the  intergranular  penetration  is  of  the  order  of  50%  or  more  of  the  total 
loss  of  supporting  seefon.  This  is  the  case  for  A1  alloys  in  an  alternate 


4^ 

Nominal  Composition:  4.5%  Cu,  1.5%  Mg,  0.6%  Mn. 
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immers'on  and  drying  test  using  a  simple  saline  solution.  Thus,  for  example, 
reference  11  <4uotes  values  of  33%  loss  in  tensile  strength  by  intergranular 
corrosion  is  compared  to  about  40%  with  superimposed  stresses. 

The  other  alternative  is  to  find  a  medium  in  which  cracking  rates 
are  very  much  more  rapid  than  intergranular  corrosion  penetration.  Since 
a  substantial  body  of  information  exists  now  on  Hg  cracking  of  the  A1  2024 
alloy,  it  seemed  important  to  develop  intergranular-free  corrosion  c^.ndi  ■ 
tions  for  that  alloy.  An  aqueous  solut’on  was  used  containing  53  gm/liter 
of  NaCl,  50  gm/liter  Na^CrO^,  and  HCl  in  amount  sufficient  to  lower  the 
pH  to  about  0.2.  The  criticality  of  the  HCl  addition  is  illustrated  in 

419) 

Figure  4.  It  was  found,  however,  that  the  propensity  for  iutcrgranu!?’- 
corrosion  depended  on  the  state  of  aging  of  the  alloy.  It  was  therefore  neces¬ 
sary  to  define  more  fully  the  structure  states  where  stress  corrosion  cracking 
could  be  studied  in  the  practical  absence  of  intergranular  corrosion. 

Since  aging  is  dependent  on  both  time  and  temperature,  a  complete 
survey  of  all  poss  ble  aging  cycles  presents  a  very  large  task.  A  simple 
alternative  and  one  which  develops  every  significant  structural  change  in 
aging  is  to  vary  only  the  aging  temperature  and  hold  the  aging  time  constant 
to  30  minutes,  i’his  is  essentially  making  a  vertical  cut  on  the  time- 
temperature -transformation  diagram  for  aging. 

The  results  presented  in  Figure  5  pertain  to  time  to  failure  at  a 
stress  equal  to  90%  of  the  yield  point.  Under  these  conditions  times  to 
failure  ranged  between  10  and  150C  minutes.  Two  appraisals  of  rate  of  nter 
granular  corrosion  rates  were  made.  In  one  series  of  tests,  the  specimens 
were  immersed  unstressed  in  the  solution  for  8  hours  prior  to  loading  and 
the  time  to  failure  clocked  after  loading.  In  the  s  econd  series,  the  specimens 
were  immersed  unstressed  in  the  solution  for  only  that  time  which  was  re¬ 
quired  to  produce  failure  by  simultaneous  loading  and  immersion.  These 
latter  results  permit  the  conclusions  that  for  stressing  to  90%  ol  the  yield 
point,  intergranular  corrosion  is  nut  a  significant  factor  for  aging  tempera¬ 
tures  up  to  about  190°C  For  stress  levels  of  lower  magnitude  where  time 
to  failure  must  Increase,  the  maximum  permissible  aging  temperature  must 
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FRACTURE  TIME,  MINUTES  AT  90  %  OF  YIELD  STRESS 


1 


AQING  TEMPERATURE,  *C  (30  MINUTES) 


nC  5  -  INFLUENCE  OF  PRIOR  IMMERSION  IN  STRESS-CORROSION 
SOLUTION  ON  TIME  TO  FAILURE  OF  Al  2024  ALLOY  AT 
VARIOUS  STATES  OF  AGING  AND  LOADED  TO  90%  OF  THE 
YIELD  STRESS, 
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be  reduced  appreciably  (sec  F  guro  It  was  therefore  decided  to  confine 
stress-corrosion  cracking  studies  to  specimens  aged  at  100°-110°C  and  at 
stress  levels  of  90%  of  the  yield  point.  Under  these  conditions  normal  inter¬ 
granular  corrosion  penetration  is  not  an  interfering  factor. 

The  temperature  dependence  of  time  to  failure  under  stress- 
corrosion  conditions  wherein  cracking  rates  are  much  more  rapid  than 
intergranular  penetration  has  been  explored.  The  specific  conditions  were 
the  choice  of  the  A1  2024  alloy  aged  at  110°C  for  30  minutes  and  stressed  to 
90%  of  the  yield  point  ’n  the  NaCl -Na^CrO^-HCl  solution.  During  these 
tests,  temperatures  were  controlled  at  3°  25°,  40  ,  and  60  C.  The  results 
are  shown  in  Figure  6  where  it  is  seen  that  In  this  temperat\ire  ranee  the 
time  to  failure  is  not  measurably  dependent  on  temperature. 

B  Temperature  Dependence  of  Intergranular 
Penetration  in  the  A1  2024  Alloy  by  a  NaCl- 
Na2Cr04  HCl  Solution 

Although  it  was  shown  that  intergranular  penetration  as  it  occurs 
in  unstressed  specimens  immersed  in  the  stress-corrosion  solution  did  not 
affect  the  time  to  failure  under  stress  provided  that  a  low  aging  temperature 
and  a  high  stress  level  were  used,  some  penetration  did  occur.  In  Figure  7 
a  number  of  major  cracks,  clearly  separated  from  each  other,  exist  which 
are  propagating  in  a  direction  transverse  to  the  axis  of  stress.  One  of  these 
clearly  led  to  final  failure.  A  complex  network  of  intergranular  separationa 
may  alsc  be  observed.  This  network  follows  grain  boundarie a  and  separatee 
grains  from  their  neighbors.  The  network  advances  into  the  metal  more  or 
less  as  a  front.  It  is  of  interest  to  compare  the  temperature  dependence  of 
the  rate  of  advance  of  this  front  with  the  equivalent  dependence  of  cr.icking 
time , 

A  presumedly  corrosion  process  is  expected  to  be  very  ten  oera- 
ture  dependent.  Such  measurements  were  made  on  small  flat  coupons  about 
0.  125  in.  thick  which  had  been  re-solut.  on  treated  and  aged  after  cutting 
from  the  parent  stock.  The  solution  was  identical  with  that  used  in  stress- 
corrosion  cracking.  A  time  of  70  minutes'  immersion  was  taken  arbitrarily, 
and  the  depth  of  penetration  of  the  front  was  measured  metallographically. 
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TIME  TO  FAIL 


100 


lOL 

0 


FIG.  6 


10 


J - 1 _ L 

20  30  40 
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-  INFLUENCE  OF  TEMPERATURE  ON  THE  TIME  TO  FAILURE  OF 
Al  2024  ALLOY  AT  A  STRESS  OF  90%  OF  THE  YIELD  POINT.  Aged 
110  C-30  minutes,  immersed  during  test  in  NaCl-Na-CrO.-HCl 
solution . 
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Neg.  No.  22748 


X150 


Fig.  7 

Illustration  of  intergranular  penetration  of  A1  2024  alloy 
in  the  aged  state  as  a  result  of  immersion  in  the  NaCl- 
Na-CrO.-HCl  solution.  The  intergranular  penetration 
lies  between  stress -corrosion  cracks. 
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The  measurements  of  penetraticn  for  three  states  of  aging  and  over  a  span 
of  temperatures  from  o”  to  are  summarized  graphically  in  Fi;  ure  8. 

Tlie  results  a-e  intriguing.  For  the  100°C  aged  condition,  inter¬ 
granular  penetration  in  70  minutes  is  independent  of  temperature  from  ' 

60°C.  Above  60°C ,  the  .  'te  accelerates  abruptly.  For  the  210°C  aged 
condition,  a  slight  temperature  dependence  exists  between  0^-60°C,  and 
.igain  there  is  an  abrupt  acceleration  in  rate  above  60°C.  For  the  annunled 
condition  a  sharp  temperature  dependency  exists  over  the  whole  range  of 
temoeratures  The  probable  form  of  true  intergranular  corrosion  for  the 
lOu  and  2I0°C  aged  states  is  drawn  in  Figure  8  as  dashed  curves. 

Wc  may  deduce  from  these  results  that  two  processes  of  inter 
granular  penetration  exist-  one  highly  temperature  dependent  and  one 
temperature  independent  below  60°C  The  temperature -dependent  process 
is  surely  the  intergranular  corrosion  generally  assumed  to  operate.  The 
r-bsence  of  the  temperature-independent  process  in  the  age  -hardened  states 
suggests  the  following  model.  The  process  of  age  hardening  generates 
stress  gradients  from  grain  to  gram  because  of  the  anisotropy  of  expansion 
and  the  high  flow  stress  at  the  aging  temperature.  This  built-in  microstress 
pattern  leads  to  stress  -corrosion  cracking  in  the  same  manner  as  externally 
applied  stress.  The  temperature  independence  of  this  form  of  intergrr.  v’lar 
penetration,  which  is  really  cracking,  is  consonant  with  the  temperature 
independence  ol  the  time  to  failure  of  externally  stressed  specimens. 

C.  Temperature  Dependence  of  Delayed  Failur'i 
of  the  A1  2024  Alloy  Wetted  with  M=*rcury 

The  mechanical  model  for  brittle  fracture  which  ;  proposed  to 
apply  to  embrittlement  by  liquid  metals  requires  that  the  conditions  for 
fracture  will  change  with  temperature  only  if  the  dominant  parameters  are 
themselves  temperature  depen  nt.  In  particular ,  such  chaiigec  in  fracture 
stress  or  fracture  time  require  a  temperature  dependence  of  the  yield  stress. 
Within  the  temperature  range  of  0^-80°C,  the  yield  strength  of  age-hardened 
A1  2024  alloy  is  not  significantly  influenced  by  temperature.  We  may,  there¬ 
fore,  anticipate  that  the  time  to  failure  in  a  condition  of  potential  embrittle¬ 
ment  should  also  be  independent  of  temperature  provided  the  mechanical  and 
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SOLUTION  TEMPERATURE,  *C 


FIG.  8  -  INTERGRANULAR  PENETRATION  OF  Al  2024  ALLOY  IN  THREE 
HEAT-TREATED  STATES.  SOLUTION  NaCl.Na,CrO.-HCl . 
IMMERSION  TIME,  70  MINUTES. 
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St  natural  f.iCtors  govern  the  fracture  process. 

I'he  experimental  difficulties  in  conducting  delayed  failurt-  studies 
on  aluminum  .illoys  wette'l  with  mercury  are  primarily  in  terms  of  the  gradual 
de-wetting  by  the  mercury.  It  is  necessary  todevelop  conditions  which  pro¬ 
long  wetting  as  long  as  possible  and  to  use  static  stress  level  which  causes 
failure  in  times  less  than  will  produce  de-wetting.  Without  recounting  i  : 
wide  variety  of  techniques  and  stress  levels  used,  it  is  sufficient  to  record 
at  this  point  that  the  successful  combination  is  the  use  of  a  solution  of  mercuric 
rhloride  both  as  the  wetting  medium  and  as  the  constant  temperature  bath, 
and  a  stress  level  of  AA^fa  of  the  yield  stress.  Mercuric  chloride  both  dissolves 
the  intervening  oxide  film  and  deposits  metallic  mercury  whi-.h  readily  v/eti. 
the  metal  surface.  The  chloride  content  introduces  some  corrosive  action 
which  the  higher  temperatures  is  reduced  to  an  insignificant  amount  by  the 
use  of  a  dilute  solution  rather  than  the  saturated  solution  used  at  lower  tem¬ 
peratures.  Since  both  solutions  plate  out  mercury,  the  solution  concentration 
itself  is  not  a  pertinent  factor  in  fracture. 

The  results  of  multiple  tests  at  each  of  five  temperatures  are 
graphically  presented  in  Figure  9-  The  multiple  tests  were  necessary 
because  some  scatter  in  failure  times  could  not  be  avoided.  Nevertheless, 
the  trend  indicates  no  significant  temperature  /  dence  of  fracture  time. 

This  parallels  the  behavior  of  the  same  alloy  in  the  same  state  of  heat  treat 
ment  immersed  in  the  stress-corrosion  solution. 

D.  Penefation  of  Mercry  into  Unstressed  A1  2024 

In  view  of  the  unusual  temperature  independence  of  intercrystalline 
penetration  by  NaCl-Na2CrO^-HCl  solution  into  aged  A1  Z0Z4  alloy  and  the 
probable  significa.  !  at  this  reflects  microstresses  between  grains  pro 
ducing  a  form  of  microstress  corrosion  cracking,  it  seemed  useful  to 
examine  whether  the  same  sort  of  effect  can  be  produced  by  mercury  pene 
tration.  Mercury  penetrates  into  aluminum  very  slowly.  From  1  to  5  days 
of  exposure  are  required  to  produce  measurable  effects.  Moreover,  there 
IS  a  problem  in  maintaining  a  state  of  true  w’etting  because  mercury  tends 
to  de-wet  from  aluminum  even  when  the  latter  is  totally  submerged. 
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1  lu'  problem  of  tle-wetting  v'aa  solved  by  the  use  of  sodium 
•  im.iig.im  which  contains  tibout  0.5%  Na  n  liquid  solution.  Presumably  the 
.sodium  cli  I  1  oxygen  dissolved  in  the  mercury  which  would  otherv.'isc 
riM.  t  wuh  the  aluminum  to  form  an  interfering  oxide  film.  Using  sodium 
am.ilgam  it  was  possible  to  preserve  wetting  for  as  much  as  three  days  or 
specimens  totally  submerged 

The  specimens  themselves  were  cut  into  the  form  of  1/2  in.  x 
1/2  in  X  0  125  in.  thick  coupons  and  then  completely  re  solution  treated 
and  aged  at  100  C  for  30  minutes  or  alternatively,  furnace  cooled  to  give 
the  annealed  "O"  condifon.  This  served  to  provide  a  state  where,  by  v  rtue 
of  aged  hardening,  grain-to  gram  microstresses  might  exist  and  a  state 
whore  they  should  bo  absent  Experiments  were  conducted  at  two  tempera - 
ture.s,  room  ambient  -  and  60°C .  After  the  exposure  to  mercury,  it 
was  necessary  to  remove  the  mercury  trapped  in  the  surface  penetration 
zones  so  that  sectioning  and  polishing  itself  would  nut  produce  cracks.  This 
”.  s  iccompli shed  quite  simply  by  heating  the  specimens  to  above  the  boiling 
point  of  mercury  in  a  continuously  evacuated  glass  retort  for  a  short  period 
of  time  . 

A  comparison  of  the  microstructures  produced  is  given  in  Figure  3 
for  the  aged  cond  tion  and  in  Figure  1  '■  for  the  annealed  "O"  condition.  A 
number  of  points  may  be  noted.  Mercury  penetrates  by  apparently  inter¬ 
granular  paths  The  general  penetration  is  the  same  in  both  Uie  aged  and 
overaged  condition.  The  depth  of  penetrat'on  produced  at  60°C  is  about 
seven  time.^  that  produced  at  room  temperature.  Therefore,  there  is  clearly 
a  strong  temperature  dependence  of  penetration  rates  In  addition  to  inter 
crystalline  penetration,  the  aged  alloys  show  a  number  of  fine  cracks  which 
have  propagated  well  ahead.  The  cracks  appear  only  in  the  aged  specimens. 
We  may  take  this  observation  as  additional  evidence  that  .stresses  exist 
between  the  grains  of  an  aged  structure  and  that  these  are  of  sufficient  mag¬ 
nitude  to  produce  cracking  in  the  presence  of  mercury. 
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Neg.  No.  2J734  XIOO  Neg.  No.  2373J  XlOO 

(*)  at  25®C  after  72  hours  (b)  at  60**C  alter  120  hours 

FIG.  I''  -  MEkCURY  PENETRATION  INTO  A1  2024  (AGED  100®C-30  MIN.) 
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Nrg.  No.  2J7JJ  XIOO  Neg.  No.  23732  XIOO 

(a)  at  2S^C  alter  72  hours  (b)  at  bO**C  aAer  120  hours 
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V  TKMPEHATUHE  Dl^PENDENCE  OF  CRACKING 
IN  7e,M0  BRASS 

A  .  Stresa-Corruaion  Crocking 

It  IS  woll  known  that  70/30  alpha  braas  exhibits  atresa  corrosion 
I  r.u  kinn  niuliM’  stroas  when  In  the  presence  of  ammonia  vapor  or  ammonia 
solutions.  UnatroaaecI  apecimuns  also  show  intergranular  corrosion  but  at 
.1  nuicli  slower  rate,  i .  t‘  ,  clays  vs.  minutes.  Considerable  effort  .was 
expended  in  developing  suitable  conditions  for  producing  cracking  over  a 
reasonable  temperature  range.  At  room  temperature  70/30  brass  immersed 
in  coiieentrated  ammonia  solution  while  under  stress  will  i  l.y  cracking. 
However,  failure  will  often  not  occur  if  the  solution  is  scaled  off  from  the 
.11  r.  It  seems  quite  clear  that  oxygen  is  an  important  factor  in  the  cracking 
environment.  Other  gases  such  as  CO2  which  might  also  be  present  in  the 
.111'  do  not  have  any  recognizable  effect.  Ammonia  solutions,  however,  are 
not  satisfactory  at  elevated  temperatures  because  of  the  high  vapor  pressure 
of  ammonia.  At  4  5°C,  a  concentrated  solution  loses  most  of  its  ammonia 
in  a  matter  of  minutes.  A  suitable  system  was  developed  whereby  the  test 
section  of  the  specimen  was  half  immersed  in  concentrated  ammonia  solution 
.ind  ammonia  jjas  and  air  were  bubbled  through  the  solution.  The  surface  of 
the  solution  was  open  to  the  surrounding  air  but  constructed  to  help  maintain 
uniform  temperature  in  the  test  section.  Failure  occurred  consistently  above 
the  solution  level  but  not  at  the  solution-gas  interface. 

In  order  to  shorten  the  time  to  failure,  the  annealed  br.ass  up.  cimens 
were  stretched  23%  prior  to  rupture  testing.  There  was  sufficient  scatter  in 
the  failure  times  to  require  about  6  testa  at  each  temperature  for  a  reasonable 
average  value.  The  results  are  presented  in  Figure  12  showing  the  range  of 
failure  times  and  the  arithmetic  average  values.  It  will  be  seen  that  a  small 
temperature  dependence  of  time  to  failure  does  ..isi  over  a  tempit*r«ture  span 
of  57°C. 

Intergranular  penetration  of  annealed  specimens  suspended  in  an 
ammonia  gas  air  mixture  above  a  concentrated  ammonia  solution  is  very- 
slow,  requiring  at  least  24  hours  for  anything  measurable  under  the  mi  >  ''ope. 
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General  ail  ick  begins  very  rapidly  as  Indicated  by  the  change  of  solution 
color  to  blue  n  a  matter  of  minutea .  Many  hours,  however,  are  nceessary 
to  cause  any  measurable  amount  of  removal  of  metal.  The  brass  is  therefore 
not  passive  to  the  solution,  but  the  rates  of  corrosive  attack  are  very  small. 

B .  Temperature  Dependence  of  Mercury  Cracking 
of  70/30  Brass 

To  provide  a  rompanson  v/ith  the  ammonia  cracking  of  70/30 
brass  a  similar  series  of  delayed  failure  tests  were  conducted  using  mercuric 
chloride  solution  which  deposits  metallic  mercury  on  the  surface  of  the  brass.* 
1  he  spec. mens  were  annealed  in  the  machined  state  and  preot^ained  ZV’lr^.  by 
stretching.  There  were  then  set  in  the  creep  stand,  and  loaded  to  the  re¬ 
quired  stress  lovel  before  surrounding  by  the  heated  mercuric  chloride  solu- 
fon . 

It  was  discovered  that  the  delayed  failure  curves  for  brass  wetted 
with  mercury  are  not  suitable  for  comp.irative  studies  because  of  the  rapid 
change  from  very  short  failure  times  to  an  apparent  endurance  limit.  At 
stresses  of  80-90%  of  the  yield,  the  failure  fme  was  only  a  few  minutes. 

At  70%  of  the  yield  stress,  the  failure  time  varied  from  a  few  hours  to  mere 
than  a  day.  Below  70%,  failure  did  not  occur  at  all.  It  was  thus  apparent  that 
time  to  failure  was  not  a  feasible  parameter. 

As  a  reasorable  alternative,  the  stress  for  tensile  fracture  was 
used  as  a  parameter  to  compare  with  varying  temperature.  As  will  be  shown 
w  ih  plastically  prestrained  A1  Z024  alloy  wetted  with  mercury,  the  trend  of 
time  to  fa-lure  is  essent'ally  the  same  as  the  trend  of  fracture  stress  in 
continuous  loading.  The  fracture  stress  is  a  quite,  reproducible  property. 

The  'nfluence  of  temperature  on  the  fracture  stress  of  cold-worked 
70/30  brass  wetted  with  mercury  is  shown  in  Figure  ’  3.  A.*?  ir.  ammonia 
cracking,  there  is  a  small  temperature  dependence  of  the  cracking  process. 
That  is  to  say,  in  ammonia  cracking,  the  time  to  failure  decreases  by  about 
28%  in  a  55-degree  span  and  the  fracture  stress  in  mercury  cracking  de¬ 
creases  by  about  11%  in  the  same  temperature  range. 
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\  I .  INFLUENCE  OF  PLASTIC  PRESTRAIN  ON  CRACKING 

9LAk kkkL alloy  in  the  aged  condition 

In  previous  wr  rk  (Summary  Report  ARF  2183-8,  1961)  it  was 
shovm  that  small  plastic  strains  of  the  order  of  1-10%  elongation  imposed 
on  the  aged  state  before  wetting  with  Hg  led  to  a  precipitous  loss  in  the 
wetted  fracture  stress.  In  order  to  demonstrate  that  tensile  and  delayed 
failure  measurements  give  the  same  trend,  further  studies  of  delayed 
lailuie  times  have  been  made  on  specimens  aged  at  100°C  for  30  minutes 
and  given  various  degrees  of  plastic  prestrain.  The  ri.^ults  shown  in 
Figure  '  verify  that  tens  le  strength  and  t.me  to  failure  have  the  same 
sharp  dependence  on  small  amounts  of  plastic  prestrain. 

If  our  thesis  that  mechanical  fracture  processes  dominate  stress- 
corrosion  cracking  is  to  gain  credence,  this  prestrain  embrittlement  effect 
ought  also  to  be  found  in  stress-corrosion  cracking  of  this  alloy  using  the 
NaCl-Na,CrO^-HCl  solution  as  the  embrittling  medium.  These  measure¬ 
ments  have  been  performed,  and  the  times  to  failure  at  90%  of  the  yield 
stress  are  related  to  plastic  prestrain  in  Figure  )  i  where  it  is  clearly 
seen  that  the  same  effect  obtains. 

Vn .  .SUMMARY 

1  .  The  mercury  embrittlement  of  the  A1  5083  alloy  {4  1/2%  Mg), 
which  possesses  very  rapid  strain-aging  characteristics  at  room  tempera 
lure,  shows  -nteresting  behavior.  It  is  seen  that  the  conditions  leading  to 
a  yield  point  -Litigation  are  not  an  influential  factor  in  mercury  embrittle¬ 
ment,  for  water -quenched  structures  are  not  distinguishable  from  slow- 
cooled  structures.  Moreover,  the  grain  size  dependence  of  fracture  stress 
shows  a  conventional  trend  for  a  single-phase  material  in  spite  of  the  fact 
that  the  yield  point  elongation  increases  with  decreasing  grain  size 

The  embrittlement  by  Hg  at  -38°C  and  at  +25°C  demonstrates 
that  rapid  strain  aging  has  a  dominant  effect  on  the  fracture  process.  The 
behavior  of  the  strain-aged  condition  is  similar  in  character  to  a  precipitation 
Isu'  viied  condition. 
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no.  15  -  DELAYED  FAILURE  BY  STRESS-CORROSION  OF  Al  2024  ALLOY 
(AGED  100°C-30  MINUTES)  AS  A  FUNCTION  OF  PRIOR  COLD 
WORK.  STRESSED  AT  90%  OF  YIELD  STRESS. 
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I 

ihe  imposition  of  prior  plastic  prestrain  before  wetting  on  the 
wetted  fracture  stress  gives  a  dependence  on  grain  size  which  is  incompati¬ 
ble  with  a  s’.mple  Petch-Stroh  model  for  fracture  leading  to  the  necessary 
propos  tion  that  internal  microstresses  of  tensile  sign  are  produced  by 
combination  of  plastic  strain  and  strain  aging  or  precipitation.  A  term  to 
account  for  this  must  be  added  to  the  fracture  relationships. 

2.  The  temperature  dependence  of  liquid  metal  and  stress-corrosion 
cracking  are  s'milar  and  small  compared  to  what  is  normally  expected  to  be 
the  temperature  dependence  of  corrosion  processes.  This  lends  support  to 
the  proposlt'on  that  the  mechanical  fracture  mechanisms  are  dominant  in 
stress -corros  cn  cracking. 

3.  The  dominance  of  mechanical  fracture  mechanisms  in  stress- 
corrosion  cracking  is  further  supported  by  the  similarity  between  the  de¬ 
pendence  of  liquid  metal  and  stress-corros’on  cracking  on  prior  plastic 
prestrain 

4.  Evidence  is  presented  .n  terms  of  the  kinetics  and  appearance  of 
intergranular  penetration  by  aqueous  and  liquid  metal  media  that  large 
stresses  exist  between  grains  in  an  age  hardened  polycrystalline  aluminum. 

VIII.  LOGBOOKS  AND  PERSONNEL 

The  work  herein  was  conducted  by  Mr.  H,  Nichols,  Associate 
Metallurgist,  and  Mr.  R.  Sarocco,  Technician,  under  the  supervision  of 
the  writer.  Results  are  recorded  in  ARE  Logbooks  No.  C-1091,  C-11S02, 

C- 1223  3,  and  C- 1 2787. 
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